The BICEP2 experiment determined the Hubble parameter during inflation to be about 10 14 GeV. Such high inflation scale is in tension with the QCD axion dark matter if the PecceiQuinn (PQ) symmetry remains broken during and after inflation, because too large axion isocurvature perturbations would be generated. The axion isocurvature perturbations can be suppressed if the axion acquires a sufficiently heavy mass during inflation. We show that this is realized if the PQ symmetry is explicitly broken down to a discrete symmetry and if the breaking is enhanced during inflation. We also show that, even when the PQ symmetry becomes spontaneously broken after inflation, such a temporarily enhanced PQ symmetry breaking relaxes the constraint on the axion decay constant.
I. INTRODUCTION
The identity of dark matter is one of the central issues in cosmology and particle physics. Among various candidates for dark matter, the QCD axion is a plausible and interesting candidate. The axion, a, arises as a pseudo-Nambu-Goldstone (pNG) boson in association with the spontaneous breakdown of a global U(1) PQ Peccei-Quinn (PQ) symmetry [1, 2] . If the U(1) PQ symmetry is explicitly broken only by the QCD anomaly, the axion is stabilized at vacuum with a vanishing CP phase, solving the strong CP problem. More important, the dynamical relaxation necessarily induces coherent oscillations of axions, which contribute to cold dark matter (CDM). We focus on the axion CDM which accounts for the total dark matter density, throughout this letter.
The axion mass receives contributions from the QCD anomaly, m QCD a ≃ 6 × 10 −6 eV f a 10 12 GeV
where f a is the axion decay constant. Because of the light mass, the axion generically acquires quantum fluctuations of δa ≃ H inf /2π during inflation, leading to CDM isocurvature perturbations. Here H inf is the Hubble parameter during inflation. The mixture of the isocurvature perturbations is tightly constrained by the Planck observations [3] , which reads H inf < 0.87 × 10 7 GeV f a 10 11 GeV 0.408
neglecting anharmonic effects [4] [5] [6] [7] [8] . In particular, a large-field inflation such as chaotic inflation [9] is in conflict with the isocurvature bound. Recently the BICEP2 experiment announced the discovery of the primordial B-mode polarization [10] , which determines the inflation scale as H inf ≃ 1.0 × 10 14 GeV r 0.16
r = 0.20
where r denotes the tensor-to-scalar ratio. 1 After subtracting the best available estimate 1 Such large tensor-to-scalar ratio can be explained in various large field inflation; see e.g. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The for foreground dust, the allowed range is modified to r = 0.16
+0.06
−0.05 . Therefore one can see from (2) and (3) that there is a clear tension between the inflation scale determined by the BICEP2 and the QCD axion dark matter.
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There are various known ways to suppress the axion CDM isocurvature perturbations.
First, if the PQ symmetry is restored during inflation (or reheating), there is no axion CDM isocurvature perturbations, as the axion appears only when the PQ symmetry is spontaneously broken some time after inflation [26, 27] . In this case topological defects such as axionic cosmic strings and domain walls are generated, and in particular the domain wall number N DW must be unity to avoid the cosmological catastrophe [28] .
Second, if the kinetic term coefficient for the phase of the PQ scalar was larger during inflation than at present, the quantum fluctuations, δa, can be suppressed after inflation. This is possible if the radial component of the PQ scalar takes a larger value during inflation [26, 29] . The scenario can be implemented easily in a supersymmetric (SUSY) theory, as the saxion potential is relatively flat, lifted by SUSY breaking effects. Interestingly, a similar effect is possible if there is a non-minimal coupling to gravity [30] . Third, the axion may acquire a heavy mass during inflation so that its quantum fluctuations get suppressed [31] . In Ref. [31] two of the present authors (KSJ and FT) showed that the QCD interactions become strong at an intermediate or high energy scale in the very early Universe, if the Higgs field has a sufficiently large expectation value.
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In fact, the second solution of Refs. [26, 29] is only marginally consistent with the BICEP2 result (3), if the field value of the PQ scalar is below the Planck scale. Also the third solution of Ref. [31] is consistent with the BICEP2 result only in a corner of the parameter space. Therefore, we need another solution to suppress the axion isocurvature perturbations, as long as we assume that the PQ symmetry remains broken during and tension with the Planck result can be relaxed in the presence of small modulations in the inflaton potential [25] or hot dark matter/dark radiation. 2 The isocurvature perturbation bound similarly applies to the so called axion-like particles, or general pseudo Nambu-Goldstone bosons, which are produced by the initial misalignment mechanism and contribute to dark matter. 3 The idea of heavy QCD axions during inflation was considered in Refs. [32] [33] [34] to suppress the axion abundance, not the isocurvature perturbations.
after inflation.
In this letter, we propose a simple mechanism to suppress the axion CDM isocurvature perturbations along the line of the third solution above. Instead of making the QCD interactions strong during inflation, we introduce a PQ symmetry breaking operator, which becomes relevant only during inflation. If the axion acquires a sufficiently heavy mass during inflation, the axion CDM isocurvature perturbations practically vanish, evading the isocurvature bound on the inflation scale. After inflation, the explicit PQ breaking term should become sufficiently small so that it does not spoil the axion solution to the strong CP problem.
There are various possibilities to realize such temporal enhancement of the axion mass.
If, during inflation, the radial component of the PQ scalar, i.e. the saxion, takes a large field value, the PQ symmetry breaking operator is enhanced and the axion becomes heavy. After inflation, the saxion settles down at the low-energy minimum located at a smaller field value where the explicit PQ breaking term is sufficiently small. Alternatively we can consider a case in which the PQ symmetry breaking operators are present only during inflation. This is the case if the inflaton is coupled to the PQ symmetry breaking operators; during inflation, the operators are enhanced due to a large vacuum expectation value (VEV) of the inflaton, whereas they are suppressed if the inflaton is stabilized at much smaller field values after inflation. This can be nicely implemented in a large-field inflation model where the inflaton field value evolves significantly.
Later in this letter we also briefly consider the first solution to the tension between the BICEP2 results and the axion CDM isocurvature perturbations, i.e., the PQ symmetry restoration during or after inflation. We will show that, even in this case, the temporarily enhanced PQ symmetry breaking relaxes the bound on the axion decay constant, allowing f a 10 10 GeV and also N DW = 1.
II. ISOCURVATURE CONSTRAINTS ON THE AXION CDM
The axion, if exists during inflation, acquires quantum fluctuations, δa = H inf /2π, giving rise to the axion CDM isocurvature perturbations. The isocurvature constraint on the axion CDM leads to the upper bound on the Hubble parameter during inflation as in Eq. (2), which is shown by the solid (red) line Fig. 1 . Here the anharmonic effect is taken into account [8] ; the axion CDM isocurvature perturbations get significantly enhanced as the initial field value approaches the hilltop, as can be seen for f a 10 11 GeV. Note that we assume that the axion produced by the initial misalignment mechanism accounts for the total CDM density in the figure.
Let us here briefly study how much the second solution mentioned in the Introduction can relax the isocurvature bounds on the Hubble parameter. To see this, we write the kinetic term of the PQ scalar, S, whose expectation value determines the axion decay constant, as:
where we define S = |S|e iθ , and ζ(> 0) parametrizes a possible deviation from the canonically normalization. In general, ζ may depend on S, the inflaton or other fields:
where Φ denotes such fields collectively. During inflation, the canonically normalized axion, a = ζ|S| inf θ, acquires quantum fluctuations of order H inf at the horizon exit, namely,
Note that the quantum fluctuations, δθ, at super-horizon scales remain constant, even if ζ 2 |S| 2 evolves in time during and after inflation. Thus, the quantum fluctuations of the canonically normalized axion in the low energy is given by
where the subindices 0 and inf denote that the variables are estimated in the low energy and during inflation, respectively. For ζ = 1, if |S| takes a large VEV during inflation and settles down at a smaller field value in the low energy, the axion quantum fluctuations are suppressed by a factor of S inf /f a . Alternatively, we may assume that ζ depends on the inflation field φ. If the inflaton takes a large field value ζ may be enhanced during inflation, suppressing the axion quantum fluctuations, similarly.
In Fig. 1 , we show the upper bounds on H inf for S inf = 10 16 GeV, M P l , and 15M P l , which are relaxed with respect to the case of S inf = f a . We can see however that superPlanckian values of S inf are necessary to resolve the tension between the BICEP2 result and the axion CDM. There is an interesting possibility that the PQ scalar is the inflaton.
Then it takes super-Planckian values of order O(10)M P l during inflation, the axion decay constant f a between 10 10 GeV and 10 13 GeV will be allowed.
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In the next section, we will show that the tension between the BICEP2 result and the axion CDM can be resolved without invoking super-Planckian field values for the PQ scalar.
III. SUPPRESSING ISOCURVATURE PERTURBATIONS BY EXPLICIT PQ BREAKING A. Basic idea
Now we give a basic idea to suppress the axion isocurvature perturbations. The essential ingredient for our mechanism is the PQ symmetry breaking enhanced only during inflation. To illustrate our idea, let us consider a simple set-up,
with where φ is the inflaton, m is the inflaton mass, λ is the quartic coupling of S, f determines the VEV of |S| in the low energy, and δV P Q represents the explicit PQ symmetry breaking terms. The BICEP2 result (3) is consistent with the chaotic inflation model with a quadratic potential, but the extension to other inflation models is straightforward.
Let us first consider the following PQ symmetry breaking term,
which breaks the U(1) PQ down to a Z N subgroup.
Here and in what follows we will take the Planck scale M P l ≃ 2.4 × 10 18 GeV to be unity unless otherwise noted. Suppose that |S| takes a VEV much larger than f during inflation. This is possible if S is coupled to the inflation sector and acquires a large tachyonic mass. Then, for sufficiently large N, the axion mass receives a sizable contributions, δm
the axion quantum fluctuations are significantly suppressed at super-horizon scales. The additional contribution to the axion mass becomes negligibly small when S settles down at |S| = f after inflation. Note that N must be very large in order not to spoil the axion solution to the strong CP problem. For instance, N > 14 is required for f a = 10 12 GeV [35] .
Alternatively, we may consider the following interaction,
which depends on the inflaton φ. As the inflaton takes a super-Planckian field value, the above PQ symmetry breaking operator is enhanced only during inflation, giving rise to a heavy mass for the axion. This enhancement is efficient especially in the large-field inflation models. If the inflaton is stabilized at the origin, this PQ symmetry breaking operator vanishes in the present vacuum. 5 Therefore, in this case, there is no tight lower bound on N ′ .
Thus, one can indeed realize PQ symmetry breaking which becomes relevant only during inflation, by making use of the dynamics of either the PQ scalar or the inflaton field. We will study the dynamics of the PQ scalar during inflation in detail in the next subsection.
B. A case in which the PQ symmetry is spontaneously broken during inflation
Now let us study our scenario in detail. The enhancement of the PQ symmetry breaking can be realized if during inflation the saxion acquires a VEV much larger than in the present vacuum, or if the symmetry breaking operators depend on the inflaton field value.
The former possibility requires a relatively flat potential for the saxion. To this end we consider a SUSY axion models where the saxion has a flat potential lifted only by SUSY breaking effects and non-renormalizable terms. We however emphasize here that SUSY is not an essential ingredient for our solution.
The superpotential for the PQ sector can be divided into two parts,
where W PQ includes the interactions invariant under global U(1) PQ , whereas W PQV breaks U(1) PQ down to its subgroup Z N . To be concrete let us consider
where S is a PQ superfield developing a vacuum expectation value. We assume that PQ violating operators, which are gravitationally suppressed, do not respect U(1) R symmetry so that λ is of order unity. In general, the coefficient of the PQ symmetry breaking operator can depend on other fields, such as the inflaton. We shall consider this possibility later.
The point is that the global U(1) PQ symmetry can be broken to, e.g., a discrete symmetry by quantum gravity effects. For instance, in string theory, anomalous U(1)s which come from gauge symmetries can be broken to discrete symmetries [36] by stringy instantons, which do not exist in the usual gauge theory like QCD [37, 38] .
In order to suppress the axion CDM isocurvature perturbations, the saxion must be stabilized at a large field value during inflation so that the axion mass receives a large contribution from the PQ-violating operator (14) . On the other hand, after inflation ends, in order not to spoil the axion solution to the strong CP problem, the saxion should settle down at a smaller field value where the axion mass receives a negligible contribution from the PQ violating operator (14) . For this, the saxion potential needs to be significantly modified during inflation by its coupling to the inflaton.
Let us first study the condition for the saxion to have a minimum at a large field value.
The relevant terms in the scalar potential of S can be parameterized by
where soft SUSY breaking terms are included. Note that, during inflation, m 2 S includes the Hubble-induced mass induced by the coupling to the inflaton. In the present vacuum, the typical scale for the soft SUSY breaking terms is given by the gravitino mass, m 3/2 ; some of them can be loop-suppressed depending on the mediation scheme. One can find that, if the soft terms satisfy the condition
there appears a minimum at large S where the terms in (15) dominate the potential. For instance, if the mass of S is tachyonic, m 2 S < 0, the above condition is satisfied. Even if the soft mass is non-tachyonic, sufficiently large A-term creates a minimum at a large field value.
Let us examine the scalar potential at large S during inflation. The interactions with the inflaton field generically induce soft terms as
for the Hubble parameter H inf larger than m 3/2 . If the condition (16) is satisfied during inflation, the potential develops a minimum at
This is the case e.g. if the mass of S is tachyonic, i.e. the Hubble-induced mass term is negative. At the local minimum the axion acquires a mass around H inf ,
6 We have omitted interactions with other PQ scalars assuming that arg(S) is one of the main components of the axion after inflation, and is the dominant component during inflation.
highly suppressing axion quantum fluctuations. Therefore the discrete PQ symmetry provides a simple mechanism to suppress isocurvature perturbations while protecting the approximate global PQ symmetry against (more) harmful quantum corrections.
For the suppression mechanism to be viable, it is crucial to make sure that S settles down to the true vacuum after the inflation is over. The potential may develop a local
due to the A-term after inflation, and then S could be trapped there. This would spoil the axion solution to the strong CP problem as the axion acquires a too large mass, in general. The simplest solution to this issue is that the PQ breaking operator depends on the inflaton field value, and it disappears after inflation. Then, the PQ scalar will settle down at the true vacuum after inflation without being trapped in the wrong one. In the case that the PQ breaking term does not depend on the inflaton, we need to consider the dynamics of the PQ scalar after inflation. To avoid the trapping in the wrong vacuum, there should be a period during which the condition (16) is violated so that S is pushed toward the true vacuum. We do not, however, want the PQ symmetry to be restored, since then the isocurvature perturbations would be erased irrespective of the above mechanism.
Let us study a concrete axion model to see that the above conditions can be indeed realized. We consider the axion model with
where S andS have the same PQ charge with an opposite sign, and X is a PQ singlet.
In the low energy, S andS are stabilized at S ∼ S ∼ f if their soft masses are comparable. Thus, the value of f is close to the axion decay constant, f a . For H inf < f , the scalar potential generated by W PQV develops a local minimum at large S along the F -flat direction SS = f 2 , if the Hubble-induced mass for S is tachyonic or small enough compared to the A-term so that the condition (16) H inf > f , the PQ symmetry can be broken during inflation if the Hubble-induced mass of S is negative. After inflation, however, the PQ symmetry would be restored if both S andS acquire a positive Hubble mass. On the other hand, the PQ symmetry can remain spontaneously broken ifS has a negative Hubble mass after inflation so thatS takes a large VEV. 8 After the Hubble parameter becomes sufficiently small, these PQ scalars are stabilized along the F-flat direction.
It is noted that the saxion starts to oscillate around the true vacuum after the false vacuum is destabilized. The saxion oscillation can dominate over the energy density of the universe after the reheating, if the saxion is sufficiently long-lived. The amplitude can be as large as S inf ∼ 1. As studied in many literatures, the decay of such saxion reheats the universe again, and the axion produced from the decay behaves as the dark radiation whereas the SM radiation is produced by the decay into the Higgs and/or the gauge bosons [40] [41] [42] [43] . Interestingly, the presence of dark radiation can solve the tension between the BICEP2 and the Planck results [44] .
Lastly let us examine how large N should be in order not to spoil the axion solution to the strong CP problem. In general, the PQ breaking term contributes to an additional CP phase. The contribution becomes sufficiently small when the axion mass is dominated by the QCD instanton contribution,
where m QCD a is given by Eq. (1), and ∆m 2 a represents the contribution of the PQ breaking term to the axion mass in the true vacuum. This condition puts a lower bound on N.
field values in the large-field inflation. Also this is possible if the inflation ends with the waterfall field as in the hybrid inflation, since the Hubble-induced mass can be generated from different couplings in the Kähler potential after inflation. 8 We assume thatS does not participate in the explicit PQ-symmetry breaking. This may be realized if the PQ symmetry breaking is accompanied with another PQ scalar S ′ like S ′M S N . Then the holomorphic nature of the superpotential can forbid or suppress the PQ symmetry breaking due to S ′ . 
We show it in Fig. 2 for the case with λ ∼ 1 and A λ ∼ m 3/2 . For instance, N > 12 is necessary for f a = 10 12 GeV. If PQ symmetry breaking terms are present only during inflation, there is no such lower bound.
C. A case in which the PQ symmetry is spontaneously broken after inflation
If the PQ symmetry is restored during and/or after inflation, and if it becomes spontaneously broken some time after inflation, there is no isocurvature constraint. In this case, however, axionic cosmic strings are produced at the phase transition, whereas domain walls are generated at the QCD phase transition. The domain wall number N DW must be unity to avoid the overclosure of the Universe; in this case, the axions are copiously produced by domain wall annihilations, and the right amount of axion dark matter is generated for f a ≈ 10 10 GeV [28] .
If there is an additional PQ symmetry breaking term enhanced during inflation, we can actually relax the above constraint on the domain wall number and the decay constant.
To simplify our argument, let us assume that the explicit PQ symmetry breaking is proportional to S, and that the coefficient depends on another scalar field ψ. The PQ symmetry breaking can be temporarily enhanced, if ψ takes a large VEV until some time after the PQ symmetry breaking, and it settles at the origin in the low energy. The point is that, after the PQ symmetry breaking, the explicit breaking term induces domain walls attached to the axionic strings. Then, strings and domain walls disappear when the domain wall energy exceeds that of axionic strings as in the usual case with N DW = 1.
When domain walls and cosmic strings annihilate, axions are produced. Such axions will be diluted by cosmic expansion and/or decay into the SM particles as their mass remains heavy until the explicit PQ symmetry breaking becomes suppressed. Interestingly, the axion field value is set to be a value which minimizes the PQ symmetry breaking after the domain wall annihilation. Thus, the large decay constant as well as N DW > 1 can be allowed in the presence of such temporarily enhanced PQ symmetry breaking.
IV. DISCUSSION AND CONCLUSIONS
We have seen that, if the PQ scalar takes super-Planckian values during inflation, there is an allowed region for f a where the BICEP2 results become consistent with the axion CDM. Let us here briefly discuss one inflation model with the PQ scalar identified with the inflaton. In non-SUSY case, the PQ scalar can be stabilized by the balance between the negative mass and the quartic coupling as in Eq. (9). Then, it is possible to realize the quadratic chaotic inflation model with the PQ scalar, if the kinetic term of the PQ scalar is significantly modified at large field values, based on the running kinetic inflation [16] [17] [18] . For instance, we can consider
where ξ ≫ 1 denotes the coefficient for the running kinetic term, and λ is the quartic coupling. The large value of ξ can be understood by imposing a shift symmetry on |S| 2 : In this letter, we have proposed a simple mechanism in which the axion acquires a heavy mass during inflation, leading to the suppression of the axion CDM isocurvature perturbations. The point is that the U(1) P Q symmetry is explicitly broken down to its discrete subgroup, Z N . If the PQ-breaking operators are significant during inflation, the axion can acquire a sufficiently heavy mass, suppressing the isocurvature perturbations.
There are two ways to accomplish this. One is that the PQ-breaking operators depend on the inflaton field value. If the inflaton takes a large-field value during inflation, the PQ-breaking operator becomes significant, while it becomes much less prominent if the inflaton is stabilized at smaller field values after inflation. This possibility nicely fits with the large field inflation suggested by the BICEP2 result (3). The other is that the saxion field value changes significantly during and after inflation. Then, for sufficiently large power of the PQ symmetry breaking operator, it is possible to realize the heavy axion mass during inflation, while keeping the axion solution to the strong CP problem. The lower bound on the power N reads N > 12 for f a = 10 12 GeV and the gravitino mass of order 100 TeV. We have discussed a concrete PQ scalar stabilization to show that it is possible that the saxion is fixed at a large field value during inflation, while it settles down at the true minimum located at a smaller field value, without restoring the PQ symmetry.
Toward a UV completion of our scenario based on the string theory, we may consider non-perturbative effects,
where the exponentials ∝ e ±A break a U(1) PQ symmetry down to a discrete one. Here
